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Abstract
D3-branes are often a necessary ingredient in global compactifications of F-theory. In
minimal realizations of flavor hierarchies in F-theory GUT models, suitable fluxes are turned
on, which in turn attract D3-branes to the Yukawa points. Of particular importance are “E-
type” Yukawa points, as they are required to realize a large top quark mass. In this paper
we study the worldvolume theory of a D3-brane probing such an E-point. D3-brane probes
of isolated exceptional singularities lead to strongly coupled N = 2 CFTs of the type found
by Minahan and Nemeschansky. We show that the local data of an E-point probe theory
determines an N = 1 deformation of the original N = 2 theory which couples this strongly
interacting CFT to a free hypermultiplet. Monodromy in the seven-brane configuration
translates to a novel class of deformations of the CFT. We study how the probe theory
couples to the Standard Model, determining the most relevant F-term couplings, the effect
of the probe on the running of the Standard Model gauge couplings, as well as possible
sources of kinetic mixing with the Standard Model.
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1 Introduction
The existence of the landscape is a significant impediment to bridging the gulf between
strings and particle phenomenology. One way to narrow the search for promising, predictive
vacua is to demand that the visible sector admits the structures of a Grand Unified Theory
(GUT), but also remains decoupled from gravity. Imposing both conditions turns out to
be quite stringent, but remarkably, can be satisfied in local F-theory GUT models [1, 2].
In F-theory GUTs (see [1–5] and the references in the review [6] for a partial list), the
visible gauge sector arises on the worldvolume of a seven-brane wrapping a four-manifold
S of positive curvature, with inverse radius set by the GUT scale. The intersection of the
gauge seven-brane with additional seven-branes can lead to matter fields living on curves
inside S. The intersection of matter curves can lead to Yukawa couplings localized on points
in S.
Decoupling gravity from this system imposes strong restrictions on the low energy con-
tent of such models [3, 5, 7–11]. On the other hand, a natural expectation from low energy
1
theory field theories is that at higher energies, the Standard Model could couple to other sec-
tors, with potentially interesting consequences for phenomenology. Recent examples include
coupling the Standard Model to hidden valleys [12], or even an “unparticle” sector [13].
This raises the question: What additional sectors can there be once we have decoupled
an F-theory GUT from the bulk dynamics of a string compactification? As emphasized
in [14], seven-branes from E-type structures are naturally shielded from additional seven-
brane sectors, as there is “nowhere to go” beyond E8. Probe D3-branes, however, naturally
provide an additional sector since their presence is often required in order to cancel tadpoles
in global models [15].
In this paper we study the additional sector provided by a probe D3-brane. The world-
volume theory on a D3-brane is captured by the choice of where it sits in the internal
geometry of the F-theory threefold base B. At a generic point of B, this leads to a free
U(1) theory with N = 4 supersymmetry. This is not very interesting because it leads to a
trivial free theory in the infrared (IR), and is also decoupled from the visible sector, as a
generic point is far away from the Standard Model seven-branes.
Considerations from flavor physics substantially modify this “generic” picture. As found
in [16], fluxes induce hierarchical corrections to the leading order rank one structure of
Yukawa couplings, providing a natural mechanism for generating flavor hierarchies [16]. A
detailed study of this proposal revealed that the requisite fluxes also induce a superpotential
for D3-branes which attracts the D3-brane to a Yukawa point [17].
In order to realize a large top quark mass, it is necessary to include an E-type point
of enhancement. At the very least, this requires enhancement to an E6 singularity [1]
(see also [18]). Moreover, considerations from flavor physics suggest a common origin for
all Yukawas from a single point of E8 [14, 19] (see also [16]). Combining this with the
expectation that D3-branes are attracted to Yukawa points, we are thus led to study the
worldvolume theory of a D3-brane probing an E-type singularity.
D3-brane probes of F-theory have been studied in various contexts, for example in
[20–22]. In compactifications of F-theory to eight dimensions, the worldvolume theory of a
D3-brane probe of an E-type singularity realizes the strongly coupledN = 2 superconformal
field theories (SCFTs) studied by Minahan and Nemeschansky [21, 22]. The Minahan-
Nemeschansky theories are characterized by an E-type flavor symmetry group, and a one-
dimensional Coulomb branch, parameterizing motion of the D3-brane normal to the seven-
brane. This theory can also be realized via compactification of a six-dimensional theory of
tensionless E-strings [23–25], as well as via the worldvolume theory of a zero size instanton
of the internal four-dimensional gauge theory of an exceptional seven-brane [26].
More precisely, the D3-brane probe theory is described by two decoupled systems: One
is the strongly coupled CFT of Minahan-Nemeschansky type, and the other is a free hyper-
multiplet given by two N = 1 chiral multiplets Z1 and Z2 which parameterize the position
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of the D3-brane parallel to the seven-brane. In this theory, all of the operators organize
according to representations of the flavor symmetry group. From the perspective of an
F-theory compactification, the states of the theory correspond to (p, q) strings and their
junctions, indicating the presence of light electric and magnetic states.
Since the D3-brane only probes a point of the internal geometry, it is natural to expect
some similarities between the original N = 2 theory, and D3-brane probes of a Yukawa
point. Indeed, we can realize the local behavior of a Yukawa point by tilting a stack of
parallel seven-branes in distinct directions of the threefold base. The probe theory of the
Yukawa point corresponds to a D3-brane sitting at the mutual intersection of these seven-
branes. See figure 1 for a depiction of this type of geometry. Translating the geometric
and flux data of the compactification to the probe theory, this corresponds to coupling
the two previously decoupled systems of the N = 2 probe theory, by promoting mass
parameters m transforming in the adjoint representation of the flavor symmetry group G
to field dependent operators m(Z1, Z2) which depend on the position of the D3-brane in
directions parallel to the GUT seven-brane. In the original D3-brane probe theory, there
are dimension two operators O transforming in the adjoint representation of G. The mass
deformation then corresponds to the deformation:
δL =
∫
d2θ TrG(m(Z1, Z2) ·O) + h.c.. (1)
In geometric terms, the data defining the deformation is specified along the Coulomb branch
of the probe theory by the Casimirs of m(〈Z1〉, 〈Z2〉), and a background flux through the
seven-branes. In general, we expect that the eigenvalues of m(〈Z1〉, 〈Z2〉) will have branch
cuts in the dependence on the zi = 〈Zi〉. This is a general phenomenon known as “seven-
brane monodromy” and leads to a rich class of possible N = 1 deformations.1
From the perspective of the seven-brane, the field dependent mass parameter m(Z1, Z2)
corresponds to the background value φ0(Z1, Z2) of a field φ(Z1, Z2) which transforms in the
adjoint representation of the seven-brane gauge group G. Decomposing φ into a background
and fluctuation as:
φ = φ0 + δφ (2)
the fluctuations δφ(Z1, Z2) corresponds to matter fields of the visible sector.
2 The analogue
1The analysis we present here also applies to heterotic M-theory compactified on an interval times an
elliptically fibered Calabi-Yau three-fold. Indeed, wrapping a spacetime filling M5-brane along the elliptic
curve corresponds on the F-theory side to a spacetime filling D3-brane. Placing the M5-brane at a point of
the complex twofold base of the Calabi-Yau threefold corresponds to placing a D3-brane at the same point.
The unfolding of the singularity type on the F-theory side in tandem with the flux data from seven-branes
translates to bundle data on the heterotic side. Here we see that when the M5-brane sits at the analogue
of the Yukawa point on the heterotic side, we obtain the same four-dimensional theory engineered on the
F-theory side.
2As we will later explain it is always possible to choose a gauge where all the matter fields are represented
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Figure 1: Depiction of a D3-brane probe of a seven-brane with E6 gauge group. In the
configuration on the left, we have the Minahan-Nemeschansky N = 2 theory with E6 flavor
symmetry and a decoupled N = 2 hypermultiplet. A Yukawa point is locally described
by tilting the seven-branes so that they still enhance to E6 at the point probed by the
D3-brane. In the probe theory this corresponds to an N = 1 deformation which couples
the Minahan Nemeschansky theory and free hypermultiplet.
of the mass deformation of equation (1) is then the F-term coupling:
δL =
∫
d2θ TrG((φ0(Z1, Z2) + δφ(Z1, Z2)) ·O) + h.c.. (3)
If the unfolding leads to an unbroken E-type symmetry, we have an N = 1 field theory
with an E-type flavor symmetry. It is rather implausible that a theory with E-type flavor
symmetry flows to an infrared free theory, so it is natural to postulate that at least in
these cases, the infrared limit of these systems flows to an interacting N = 1 CFT. Though
we cannot prove it, this suggests that in all cases where the D3-brane probes an E-point
singularity, the IR limit is also an interesting interacting theory. In the case of trivial
monodromy, we can apply the recent analysis of UV marginal deformations given in [27] to
prove this is the case. In the more general case, the presence of both electric and magnetic
states (as dictated by the E-type structure) hints that this also holds for more general
geometries.
Assuming that we do realize a CFT, it is then natural to ask how this sector couples to
the Standard Model. Much as in the counting of BPS states in the N = 2 case performed
for example in [24, 28], there will be an entire tower of states of different masses and spins
which couple to the Standard Model. The number of such states which couple to the
Standard Model depends on the scale of conformal symmetry breaking MCFT . One can
by holomorphic fluctuations of φ.
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envision many possible applications for the presence of such a strongly coupled CFT, with
the specific application possibly depending on the scale of conformal symmetry breaking.
Because we have states with the gauge quantum numbers of the Standard Model, it follows
that we must require MCFT to be greater than at least a few hundred GeV to avoid conflict
with experiment. Modulo this restriction, however, MCFT could be anywhere from a few
hundred GeV up to the GUT scale, or higher. At low energies, at most only a few particle
states of this sector would be observable at the LHC, though the strong coupling to the
D3-brane probe sector might still produce novel signatures. Let us also note that because
these states admit a particle interpretation, this type of scenario is somewhat different from
the unparticle scenario proposed in [13]. At intermediate scales, the D3-brane probe could
provide a source of supersymmetry breaking and/or perhaps a novel messenger sector of a
gauge mediation scenario.
Here we deduce the general form of F-term couplings to the Standard Model. In addi-
tion, we determine the effect of this nearly conformal sector on the running of the gauge
couplings, and discuss the mixing of the extra U(1)D3 of the D3-brane with the Standard
Model gauge fields. Fully specifying the effects of the CFT on the visible sector requires a
more detailed analysis of operator scaling dimensions in cases of non-trivial monodromy, a
task which we defer to future work [29].
The organization of the rest of this paper is as follows. In section 2 we discuss the
interplay between the geometry of a local F-theory compactification and the moduli space
of seven-branes. We extend some of the discussion present in the literature, which will be
necessary as preparation for our analysis of D3-brane probe theories. In section 3 we turn
to the worldvolume theory of D3-branes probing an F-theory GUT. In particular, we show
how to translate the seven-brane background fields into the D3-brane probe theory, as well
as F-term couplings between the probe sector and the Standard Model. In section 4 we
study the resulting deformation induced by a probe of trivial seven-brane monodromy, and
in section 5 we discuss some aspects of how the gauge fields of the Standard Model couple
to the probe sector. Section 6 contains our conclusions.
2 Seven-Brane Gauge Theory and F-theory
In this section we briefly review the primary ingredients of seven-brane gauge theories which
enter into an F-theory GUT following the discussion in [1]. We also extend some of the
discussion present in the existing literature, in preparation for our applications to the case
of D3-brane probes.
Our starting point is a compactification of F-theory down to four dimensions. Assuming
N = 1 supersymmetry in four dimensions, this data is specified by a choice of an elliptic
Calabi-Yau fourfold which is fibered over a threefold base B. The singular fibers of this
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geometry determine the locations of seven-branes in the compactification. In addition,
a compactification is specified by a collection of bulk three-form fluxes, as well as fluxes
which localize on seven-branes. Tadpole cancellation conditions also require the presence
of D3-branes due to the constraint [15]:
χ(CY4)
24
= ND3 +
∫
B
HRR ∧HNS (4)
where here, χ(CY4) is the Euler character of the Calabi-Yau fourfold, ND3 denotes the
number of D3-branes, and the H’s denote the three-form RR and NS fluxes.
The visible sector of the Standard Model is constructed from the intersection of seven-
branes in the compactification. The locations of these seven-branes are dictated by the
discriminant locus of the Weierstrass model:
y2 = x3 + fx+ g (5)
where the discriminant of the cubic in x is:
∆ = 4f 3 + 27g2. (6)
Enhancements in the singularity type of the elliptic fibration dictate the matter content
and interactions of the low energy four-dimensional theory. In the vicinity of the GUT
seven-brane, we can introduce a local normal coordinate z such that the location of the
seven-brane then corresponds to the Ka¨hler surface S = (z = 0). The gauge group on
the seven-brane is then dictated by the local ADE fibration over S. Inside of the Ka¨hler
surface S, the singularity type can enhance further, giving rise to matter fields localized
on complex curves, and Yukawa interactions localized at the intersection of these curves.
Each of these is accompanied by a further enhancement in the singularity type, yielding the
basic containment relations GS ⊂ GΣ ⊂ Gp for enhancements along a surface S, a complex
curve Σ, and a point p. In what follows, we shall often use the notation G ≡ Gp.
We can study the matter content and interaction terms in the vicinity of a point p in
terms of a partially twisted eight-dimensional gauge theory with gauge group Gp [1]. In this
patch, we can model the configuration of intersecting seven-branes in terms of a background
field configuration which Higgses the theory down to a lower singularity type. The matter
content of the seven-brane gauge theory includes a connection A for a principal G-bundle
P , and an adjoint-valued (2, 0) form Φ, which transforms as a section of KS ⊗ ad(P ).
Internal background field solutions are specified by a choice (A,Φ) which satisfy the F-term
equations of motion [1, 30]:
∂AΦ = F(0,2) = F(2,0) = 0 (7)
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and the D-term equations of motion:
ω ∧ F(1,1) + i
2
[
Φ,Φ†
]
= 0 (8)
where in the above, F denotes the curvature of the gauge bundle, and ω denotes the
Ka¨hler form of the internal space wrapped by the seven-brane. The gauge orbit of this field
configuration defines a point in the moduli space of the theory.
From the perspective of the four-dimensional field theory, we can organize the seven-
brane mode content as a collection of chiral superfields labelled by the points of the Ka¨hler
surface S. These modes decompose as a (0, 1) component of the gauge field A and the (2, 0)
form Φ. The breaking pattern of the gauge theory to the four-dimensional gauge group is
specified by the background values A0 and Φ0, and fluctuations around this background
determine matter fields:
A = A0 + δA (9)
Φ = Φ0 + δΦ. (10)
In principle, the fluctuations δA and δΦ can either propagate throughout the Ka¨hler surface
S, or localize on a curve Σ [1, 31]. In the context of realistic F-theory GUTs, we typically
require that the low energy fluctuations from the bulk are absent so that all matter fields
localize on curves.
An important check on the gauge theory description provided by the seven-brane is
how the moduli space of background field configurations match on to the data of an F-
theory compactification. In broad terms, the gauge invariant data of the seven-brane is
characterized in terms of the Casimirs of Φ, and by the gauge field strength of the seven-
brane. One particularly convenient gauge for checking the correspondence between the
seven-brane gauge theory, and the data of an F-theory compactification is in holomorphic
gauge. In this gauge, the (0, 1) component of the gauge field is set to zero in a patch, and the
equation of motion for Φ becomes ∂Φ = 0. In terms of local coordinates z1 and z2 defined
on the seven-brane locus, Φ(z1, z2) is holomorphic in the zi. In this gauge, A0 + δA = 0
and all the matter fields come from δΦ.
Activating a non-zero value for Φ(z1, z2) corresponds to tilting the seven-branes of the
original gauge theory with gauge group G. There is a non-trivial match between the holo-
morphic data defined by the Casimirs of Φ, and the ways that we can unfold a geometric
singularity of the F-theory compactification [1]. For example, the unfolding of an E-type
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singularity is given as:
E8 : y
2 = x3 + z5 +
(
f2z
3 + f8z
2 + f14z + f20
)
x+
(
g12z
3 + g18z
2 + g24z + g30
)
(11)
E7 : y
2 = x3 + xz3 + (f8z + f12)x+
(
g2z
2 + g6z
3 + g10z
2 + g14z + g18
)
(12)
E6 : y
2 = x3 + z4 +
(
f2z
2 + f5z + f8
)
x+
(
g6z
2 + g9z + g12
)
(13)
where the fi’s and gi’s are degree i polynomials constructed from the Casimirs of Φ. The po-
sition dependence of the Casimirs dictates the loci of further enhancement in the singularity
type, determining where matter fields localize in the geometry.
Geometrically, the possible ways to unfold a singularity are dictated by elements of
the Cartan subalgebra of G modulo the group action of the Weyl group W (G) on the
fundamental weights of G [32]. Often, the breaking pattern is of the form G ⊃ GS × G⊥,
specifying unfolding to a subgroup GS. In this case, Φ takes values only in G⊥. The case of
maximal interest for us in this paper is given by unfolding G = E8 via the breaking pattern
E8 ⊃ SU(5)GUT × SU(5)⊥, where Φ takes values in SU(5)⊥. This induces a geometric
unfolding to a bulk SU(5) seven-brane gauge theory, with matter curves specified by the
profile of Φ.
Given a local description of a Calabi-Yau fourfold, it is also natural to ask how this data
is encoded in the seven-brane gauge theory. This is not enough information to reconstruct
a unique answer. The reason is that in the seven-brane moduli space, the Casimirs of Φ and
the flux data are what specifies a field configuration. Assuming that Φ takes values in the
Cartan subalgebra of G, we can pass back and forth between the Casimirs of Φ, and Φ itself.
However, equation (8) allows for the more general possibility of Φ not being in the Cartan.
This means that there may be loci where we cannot diagonalize Φ. Diagonalizing Φ away
from such loci, it may happen that the eigenvalues of Φ exhibit branch cuts in the variables
z1 and z2. This is the phenomenon of seven-brane monodromy [33] (see also [14,19,34]).
We can also characterize this branch cut structure in terms of Higgs bundle data [35,36],
which has been discussed in the context of F-theory compactifications for example in [8].
At a generic point of the Ka¨hler surface, we introduce a field Φ taking values in the Cartan
subalgebra of G. As we move from point to point, it may happen that the basis in which Φ
evaluated at this point appears diagonal may be different. Defining a compact holomorphic
curve C, passing Φ around this curve and back to the same point p may transform the
value of Φ at the point p as:
Φ(p)→ g−1(p)Φ(p)g(p) (14)
where the adjoint action by g(p) in the complexified gauge group amounts to permuting
the eigenvalues of Φ(p). This provides an equivalent characterization of seven-brane mon-
odromy.
Strictly speaking, Φ defined in this way is single-valued only after deleting the branch
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cut locus for its eigenvalues. Indeed, as a particle traverses a branch cut, it experiences
a non-abelian Berry phase, transforming as in equation (14). To establish the presence of
the flux which induces this Berry phase, we now consider the field configuration defined by
A and Φ on the patch with the branch loci deleted. Since we are away from the branch
locus, there exists a smooth gauge transformation on this patch by an element g(z1, z2) of
the complexified gauge group:
A→ g−1Ag − g−1dg (15)
Φ→ g−1Φg (16)
such that in the gauge transformed presentation, the position dependence of Φ(z1, z2) is
smooth in the zi, and in particular exhibits no branch cuts. Though g(z1, z2) will be smooth
at a generic point in this patch, along the branch cut locus, this gauge transformation will
be singular, and signals the presence of a Dirac string for the gauge field. Indeed, after
performing this gauge transformation, Φ will no longer be diagonal, and
[
Φ,Φ†
] 6= 0.
To satisfy the D-term equations of motion, this requires non-zero F(1,1), establishing the
presence of a background gauge field flux. To summarize, in the gauge where no branch
cuts are present in Φ, a gauge field flux will be spread out over the entire patch. In the
gauge with branch cuts for Φ, there will instead be a Dirac string of flux localized along
the (deleted) branch locus.
As an example of seven-brane monodromy, consider a background field configuration
with Φ = φ dz1 ∧ dz2 with:
φ =
[
0 1
z1 0
]
. (17)
The eigenvalues of φ are ±√z1, indicating the presence of a branch cut along z1 = 0,
and Z2 seven-brane monodromy. Let us note that in equation (17), the quadratic Casimir
Tr(φ2) = 2z1 is generically non-zero, though it vanishes at z1 = 0. Note, however, that this
does not mean that φ vanishes at this point. Rather, it has become a nilpotent matrix.
This will be important later when we discuss such deformations from the perspective of the
probe theory.3
In most applications we consider in this paper, we shall work in terms of the smooth
Φ obtained by performing a complexified gauge transformation on the Φ configuration
which exhibits branch cuts. One reason for doing this is that such field configurations are
3As a brief aside, let us note that though the matrices φ1 =
[
z1 0
0 −z1
]
and φ2 =
[
0 1
z21 0
]
have the
same eigenvalues, they correspond to different geometries, in the sense that they define different moduli
spaces of possible deformations. Indeed, under a small perturbation in the non-zero matrix entries, we
see that φ1 retains its general form, whereas the eigenvalues of φ2 develop non-trivial branch cuts. Thus,
although these matrices have the same Casimirs, the latter case is not generic, and we shall not consider
this case further in what follows.
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manifestly holomorphic, and all quantities of the seven-brane gauge theory are then non-
singular. The other reason for this choice is that in the context of D3-brane probe theories,
the zi will be promoted to the vevs of fields Zi. Taking a root of a field is a rather ill-defined
notion in field theory, and signals that the appropriate gauge choice is one in which Φ is
analytic in the zi.
3 Probing an F-theory GUT
In the previous section we discussed the interplay between the moduli space of the eight-
dimensional gauge theory, and the unfolding of an F-theory singularity. We now turn to the
worldvolume theory of a D3-brane probing this configuration of intersecting seven-branes.
This section is organized as follows. We first review N = 2 D3-brane probes of seven-
branes. These probe theories correspond to a strongly interacting theory of the type studied
by Minahan and Nemeshansky plus a decoupled free hypermultiplet. The more general case
of N = 1 probe theories correspond to deformations by operators which couple these two
theories together.
3.1 Review of N = 2 Probes
To frame the discussion to follow, we now review the worldvolume theory of D3-brane
probes which preserve N = 2 supersymmetry. Let us first consider the theory of the D3-
brane away from all seven-branes of the compactification. In a sufficiently small patch of
the threefold base, the geometry probed by the D3-brane is C3, and the position of the
D3-brane is parameterized by the chiral superfields Z1, Z2 and Z. The holomorphic τYM of
the D3-brane is specified by the IIB τ , which is in turn determined implicitly by the elliptic
curve:
y2 = x3 + fx+ g (18)
via the corresponding j-function:
j(τ) =
4(24f)3
4f 3 + 27g2
. (19)
We now turn to the theory of the D3-brane in the neighborhood of a stack of parallel
seven-branes with gauge group G. We parameterize the local geometry in terms of a
coordinate z normal to the seven-brane such that the seven-brane is located at z = 0. Here,
z1 and z2 are coordinates parallel to the seven-brane. In the limit where the seven-brane
worldvolume is non-compact, this gauge group corresponds to a flavor symmetry of the
D3-brane theory. In realistic applications, we can view G as a flavor group which has been
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weakly gauged by compactifying the eight-dimensional gauge theory of the seven-brane.
The moduli space of the D3-brane probe has a Coulomb branch and a Higgs branch.
The Coulomb branch describes motion away from the seven-brane. This is parameterized
by the vev z = 〈Z〉. At the origin of the Coulomb branch the D3-brane sits on top of
the seven-brane. At this point, the original D3-brane can dissolve into flux inside the
seven-brane which corresponds to the Higgs branch of the D3-brane worldvolume theory.
When the seven-brane gauge group G is of SU , SO or USp type, the ADHM construction
establishes that the Higgs branch corresponds to the moduli space of instantons of the
internal four-dimensional gauge theory of the seven-brane. For exceptional gauge groups,
there is no known ADHM construction of instantons. Nevertheless, the physical picture of
D3-branes dissolving into flux still provides a qualitative way to view the Higgs branch.
At z = 0, additional light states enter the worldvolume theory of the D3-brane. In
F-theory, these correspond to (p, q) strings and their junctions which stretch between the
seven-brane and the D3-brane. For perturbatively realized configurations such as seven-
branes with gauge group SU(n), these are 3 − 7 bifundamental strings. For E-type gauge
groups, the exceptional seven-brane is a bound state of seven-branes of different (p, q) types,
and so we can expect both electric and magnetic states of different spins to enter the low
energy theory. These states cause the gauge coupling of the D3-brane to run in different
directions. For example, the probe of the E8 singularity:
y2 = x3 + z5 (20)
has vanishing j-function, indicating that the coupling does not run as a function of z, and
remains fixed at τ = exp(2pii/3).
The operators of the probe theory transform in representations of the seven-brane group
G, which corresponds to a flavor symmetry of the D3-brane worldvolume theory. In the
weakly coupled setting, these operators can be viewed as composite operators constructed
from more basic fields. For example, in the D3-brane probe theory of a seven-brane with
gauge group SU(n), the 3−7 strings form vector-like pairs of quarks and anti-quarks Qi⊕Q˜i.
These quarks are bifundamentals, charged under both the seven-brane group G and the D3-
brane gauge group U(1). The mesonic branch of the moduli space is parameterized in terms
of the U(1) gauge invariant combination:
Mij = QiQ˜j (21)
which transforms in the adjoint representation of SU(n). The Q’s and Q˜’s parameterize the
instanton moduli space via the ADHM construction [37], and its string theoretic description
[38–40].
In more general settings, we shall be interested in the analogue of the mesonic operators
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for D3-brane probe theories of E-type singularities. Here, the presence of both electric and
magnetic states means that we should not expect a weakly coupled Lagrangian formulation
which contains both the quarks and their magnetic duals. We can, however, still work in
terms of operators which are the analogues of the mesonic operators, which will transform
in the adjoint representation of the flavor symmetry group G.
E-type singularities are of particular importance for F-theory GUTs, and will be our
main focus in this paper. The Seiberg-Witten curve for the N = 2 rank one superconfor-
mal field theories with exceptional flavor symmetry En are given by the equations for the
corresponding E-type singularity [21,22]:4
E8 : y
2 = x3 + z5 (22)
E7 : y
2 = x3 + xz3 (23)
E6 : y
2 = x3 + z4. (24)
In the context of F-theory, these theories are realized by D3-brane probes of the correspond-
ing E-type seven-brane sitting at z = 0. More precisely, the D3-brane worldvolume theory
consists of the En SCFT, and a free N = 2 hypermultiplet which describes motion parallel
to the seven-brane. Thus, the D3-brane probe is the direct sum of two decoupled CFTs,
CFT (En) ⊕ CFTfree. The spin zero chiral primaries of CFT (En) are Z, and an operator
O transforming in the adjoint representation of En. The chiral primary of CFTfree is given
by the single hypermultiplet Z1 ⊕ Z2. The scaling dimensions of these operators for the
various D3-brane probe theories are:
[Z1] [Z2] [Z] [O]
E6 1 1 3 2
E7 1 1 4 2
E8 1 1 6 2
. (25)
The counting of electric states in the E-type theories has been studied in string theory
in [24], and an index for the E6 probe theory has been determined in [28]. Though these
theories do not possess a weakly coupled Lagrangian formulation, there do exist gauge
theory duals [41,42].
Mass deformations of the original N = 2 are parameterized in terms of the F-term
deformations
δL =
∫
d2θ TrG(m ·O) + h.c. (26)
where in the above, both m and O transform in the adjoint representation of G. In order for
this deformation to preserveN = 2 supersymmetry, we must require that [m,m†] = 0, much
4Here the rank of a SCFT denotes the dimension of the Coulomb branch.
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as in the weakly coupled examples studied in [43]. This follows upon weakly gauging the
flavor symmetry group G, since the D-term constraint then requires that this commutator
vanishes. Let us note that in the context of generalizations common to F-theory, this
commutator does not need to vanish and the D-term equation is instead satisfied through
the presence of a background flux term, which breaks N = 2 to N = 1 supersymmetry.
At the level of the N = 2 curve, these deformations are parameterized in terms of the
Casimirs of m:
E8 : y
2 = x3 + z5 +
(
f2z
3 + f8z
2 + f14z + f20
)
x+
(
g12z
3 + g18z
2 + g24z + g30
)
(27)
E7 : y
2 = x3 + xz3 + (f8z + f12)x+
(
g2z
2 + g6z
3 + g10z
2 + g14z + g18
)
(28)
E6 : y
2 = x3 + z4 +
(
f2z
2 + f5z + f8
)
x+
(
g6z
2 + g9z + g12
)
(29)
where the fi and gi are degree i polynomials built from holomorphic expressions in m which
are neutral under the flavor symmetry. From the perspective of F-theory, this is to be
expected. Indeed, we have already seen that the Casimirs of the adjoint-valued Higgs field
Φ also parameterize deformations of the singularity type. Introducing the decomposition:
Φ = φ dz1 ∧ dz2, (30)
we see that the mass deformations we have been considering correspond to a specific, locally
constant φ taking values in the Cartan subalgebra. In this simple case, we see that the
parameters of the seven-brane gauge theory enter the probe D3-brane theory as the F-term
deformation:
δL =
∫
d2θ TrG(φ ·O) + h.c.. (31)
In the case of perturbative IIB strings, there is an analogous set of deformations for
D3-brane probes of an SU(n) seven-brane. Indeed, in that context, we can write a local
An−1 singularity as:
y2 = x2 + zn (32)
and deformations of the singularity are parameterized by Casimirs of φ via the deformations:
y2 = x2 + zn +
(
n∑
i=2
σiz
n−i
)
(33)
where the σi are the elementary symmetric polynomials in the eigenvalues of φ. Letting
Qi ⊕ Q˜i for i = 1, ..., n denote the 3− 7 strings corresponding to quarks and anti-quarks of
the D3-brane theory, the analogue of equation (31) is given by:
δL =
∫
d2θ TrSU(n)
(
φ ·QQ˜
)
+ h.c. (34)
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where QQ˜ is the analogue of O, and transforms in the adjoint representation of SU(n).
In other words, activating a vev for φ induces a mass for some of the quarks. This is
physically reasonable since moving a seven-brane off of the D3-brane induces a mass for the
corresponding pair of 3− 7 strings.
3.2 N = 1 Probes
We now turn to D3-brane probes of intersecting seven-brane configurations. This corre-
sponds to taking the original parallel stack of seven-branes with gauge group G, and tilting
these seven-branes off of each other by turning on a non-zero position dependent vev:
Φ0(z1, z2) = φ0(z1, z2) dz1 ∧ dz2. (35)
In this case, there will still be loci where the eight-dimensional gauge symmetry is restored,
dictated by the position dependence of Φ0(z1, z2).
From the perspective of the probe D3-brane, the main difference from the case of N = 2
mass deformations considered previously is that now, these masses have some dependence
on the previously decoupled CFT given by the hypermultiplet Z1 ⊕ Z2. At the level of
F-terms, we therefore see that this translates to the F-term deformation:
δL =
∫
d2θ TrG(φ0(Z1, Z2) ·O) + h.c.. (36)
Let us note that the most general possible deformation by φ0 will not take values in the
Cartan subalgebra. In particular, we see that although it is common in studies of seven-
brane monodromy to work in terms of a diagonalized φ0 with some choice of branch cuts,
this is inappropriate for the probe D3-brane theory. The absence of a diagonalizable φ0
also means that in the D-term equations of motion, there will be a non-zero gauge field flux
switched on along the directions of the seven-brane. It is therefore important to include
the effects of this background flux on the probe D3-brane theory.
But as explained for example in [17], gauge field fluxes do not deform B-brane super-
potential terms. This is because in a sufficiently small patch, we can always work in a
gauge in which the (0, 1) component of the gauge field has been set to zero. In the four-
dimensional effective field theory, the (0, 1) contribution to the gauge field corresponds to a
collection of chiral superfields [1]. We therefore conclude that such terms do not deform the
superpotential. On the other hand, we do generically expect some contribution from the
(1, 1) component of the field strength to the D-terms of the probe theory. Letting J(F(1,1))
denote the corresponding D-term source, with possible dependence on the operators of the
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original N = 2 theory, the deformation of the theory is:
δL =
∫
d4θ J(F(1,1)) +
∫
d2θ TrG(φ0(Z1, Z2) ·O) + h.c.. (37)
From the perspective of the D3-brane probe, all of these contributions are finite deforma-
tions of the theory. As all finite D-term deformations correspond to irrelevant operators, we
see that the only source of relevant and marginal deformations descend from the F-terms,
and in particular, from φ0(Z1, Z2) and its coupling to the operator O. The relevant and
marginal deformation of the theory is given by the superpotential term:
δW = Z1 × TrG (λ1 ·O) + Z2 × TrG (λ2 ·O) + TrG (m ·O) (38)
where the λ’s correspond to constant matrices transforming in the adjoint representation of
the flavor symmetry group G. In other words, starting from the N = 2 system CFT (En)⊕
CFTfree, we have added a deformation which couples these two CFTs. Here, we have
included possible contributions from both UV marginal operators such as Zi × Tr(λi · O),
as well as relevant deformations such as Tr(m ·O). The condition that we retain a point of
G enhancement at the origin of the geometry z1 = z2 = 0 requires that all of the Casimirs
of m are trivial.
The case of trivial seven-brane monodromy where we enhance back to G at the Yukawa
point corresponds to the case where the λ’s take values in the Cartan subalgebra of G, and
m = 0. The case of non-trivial seven-brane monodromy is characterized by matrices which
are not simultaneously diagonalizable. For example, the field configuration of equation
(17) corresponds to a combination of a relevant and a marginal deformation of the original
N = 2 theory.
3.3 Coupling to the Visible Sector
In our discussion so far, we have treated the fields of the seven-brane as background pa-
rameters. In realistic applications, we must compactify this system, and the matter fields
become dynamical. Note, however, that we have already deduced the general coupling of
Φ = φ dz1 ∧ dz2 to the D3-brane probe:
δL =
∫
d2θ TrG(φ(Z1, Z2) ·O) + h.c.. (39)
Using the general expansion of Φ into a background contribution and its fluctuations:
Φ = Φ0 + δΦ (40)
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we conclude that the matter fields of the visible sector couple to the Standard Model via:
δL =
∫
d2θ TrG(φ0(Z1, Z2) + δφ(Z1, Z2) ·O) + h.c.. (41)
In the above expression, δφ is shorthand for the matter field fluctuations which can either
propagate in the bulk of S, or localize on a matter curve.
Since it is the case of primary interest for realistic F-theory GUTs, let us consider the
special case where δφ describes a six-dimensional field. Specifying the explicit form of the
couplings between matter fields and the D3-brane probe would require a more complete
study of the profile of matter field wave functions with non-trivial seven-brane monodromy,
a task which is beyond the scope of the present paper. In what follows, we therefore
restrict attention to the non-monodromic case, though we expect similar formulae to hold
more generally.
Four-dimensional fields localized on matter curves are given by holomorphic sections
of a line bundle defined over the matter curve. Introducing a local coordinate z‖ along
the curve, and a coordinate normal to the curve z⊥, the profile of the four-dimensional
wave functions are, in holomorphic gauge, given by a power series in z‖, which we organize
according to their order of vanishing near the Yukawa point:
δφR =
∑
g
hg(z‖)ψ
(g)
R + (massive modes). (42)
Here, the four-dimensional field transforms in a representation R with respect to the gauge
group left unbroken by the unfolding of the singularity G. In most applications where we
decompose E8 ⊃ SU(5)GUT ×SU(5)⊥, we can further decompose R into a representation of
SU(5)GUT , and a representation of the subgroup of SU(5)⊥ left unbroken by the geometric
unfolding. The field ψ
(g)
R denotes a massless generation of the Standard Model. The expres-
sion hg(z‖) corresponds to a power series in z1 and z2 such that for the heaviest generation,
h3 does not vanish at z1 = z2 = 0, and for the lighter generations, there is a higher order
of vanishing for the hi.
Promoting the coordinate dependence in hg to a field dependent wave function profile,
we therefore deduce that the visible sector couples to the D3-brane probe through the
couplings:
W3−7 =
∑
g
hg(Z‖)ψ
(g)
R ·OR∗ (43)
where here, we have decomposed the operator O which transforms in the adjoint of G
into irreducible representations of the group left unbroken by the unfolding, such that
OR∗ transforms in the representation dual to R. Specifying all details of the matter field
couplings requires us to determine more details of how seven-brane monodromy acts on the
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matter field wave functions.
It is also natural to expect that the matter fields of the Standard Model will couple to
the 3 − 7 strings through additional higher dimension operators. Indeed, integrating out
massive modes of the compactification, we can expect on general grounds superpotential
couplings of the form:
δW = φm ·On. (44)
It would be interesting to systematically estimate the form of all such couplings.
3.4 Flux and D3-Branes
As noted in [17] in order to minimally realize flavor hierarchies, we need to have a suitable
flux turned on. In the presence of this flux the F-term equations of motion for n coincident
D3-branes at a generic point of the seven-brane are:
[Zi, Zj] = θ
ij(
−→
Z ), (45)
where θij is set by the flux. As studied for example in [44] and [17], this equation of motion
is obtained from a flux-induced superpotential term:
W = εijkTrU(n)
(
ZiZjZk +
∫ Zk
θij(
−→
Z )dZk
)
. (46)
Favorable flavor hierarchies require θij to vanish at the Yukawa point [17], so that D3-branes
are naturally attracted to the Yukawa point. In the case of a single D3-brane, the usual
N = 4 superpotential term vanishes, and we are left with only the second term of equation
(46). In that case, to leading order this gives a term of the form:
W = (αZ1 + βZ2) · Z, (47)
where as in the previous sections, Z1, Z2 denote directions parallel to the seven-brane and
Z3 = Z is the direction normal to the seven-brane. Note that in the original N = 2 CFT,
these terms are irrelevant, as the dimension of Z is at least three. We will see later in the
paper that this continues to be the case when we have trivial monodromy.
4 Probing an E-point
In this section we study the resulting N = 1 theory obtained by probing an E-type Yukawa
point. In this case, the original N = 2 theory has flavor symmetry G = En, and the
N = 1 theory is obtained by a deformation of this theory. Though a full analysis of N = 1
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deformations of the original N = 2 theories is beyond the scope of the present paper, in the
special case of trivial seven-brane monodromy we can determine the resulting low energy
dynamics. An analysis of the IR theories resulting from non-trivial seven-brane monodromy
will be given elsewhere [29].
We now show that in a probe of trivial seven-brane monodromy, the corresponding
deformation of the N = 2 theory is marginal irrelevant, and therefore induces a flow back to
the original theory! To establish this, first recall that trivial seven-brane monodromy means
φ0(z1, z2) takes values in the Cartan subalgebra of the flavor symmetry group G. In such
cases, the deformation does not include a D-term contribution, and is fully characterized
by the superpotential deformation:
δW = Z1 × TrG (λ1 ·O) + Z2 × TrG (λ2 ·O) (48)
in which λ1 and λ2 both lie in the Cartan subalgebra of G.
To study the effects of this deformation we can apply the general result of [27], which
provides a group-theoretic characterization of exactly marginal deformations of a conformal
theory. The basic result in [27] is that we can classify the space of marginal deformations
by weakly gauging all of the flavor symmetries GFlavor of the system, and their action on
the space of couplings {λ}. Performing the symplectic quotient:
Mcouplings = {λ} // GFlavor (49)
then yields the space of exactly marginal couplings. In the present context, we can re-write
the original deformation as:
δL =
∫
d2θ TrG
([
λ1 λ2
] [ Z1
Z2
]
·O
)
+ h.c.. (50)
Thus, we see that the couplings λ1 and λ2 transform as a doublet under U(2) ⊂ GFlavor
rotations. Note in particular that both components have the same charge under the U(1)
in the center of U(2). This means that the “D-term constraint” of the symplectic quotient
identifies all couplings with the case where there is zero deformation. In other words, we
learn that the space of exactly marginal couplings is trivial. Since UV marginal operators are
either exactly marginal or marginal irrelevant [27], it follows that the original deformation
induces a flow back to the original N = 2 theory. In particular, all of the operators have
the same scaling dimension as they had in the UV.
In the case of non-trivial seven-brane monodromy, it is more difficult to track the in-
frared behavior of the theory, in part because it will be a combination of relevant and
marginal deformations which are not diagonalizable. In general, it is a difficult task to
prove that the infrared dynamics induces a flow to a CFT. The main assumption we shall
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implicitly make is that the N = 1 deformations we consider here induce flows to non-trivial
interacting superconformal field theories. Our evidence for this is circumstantial, but also
self-consistent. First, we have already observed that with trivial seven-brane monodromy,
probes of E-points induce a flow back to the original N = 2 theory. Second, the presence
of an exceptional singularity indicates that light electric and magnetic states will always
be present in the corresponding probe theory. This is a non-trivial indication that an in-
teracting theory of some sort is present at this point. Third, we can compute the value of
the dilaton as we approach the E-point. Though this depends on the path of approach,
there always exists a path along which the dilaton is constant. This again provides a hint
of interesting behavior at the origin of the Coulomb branch.
In this section we have ignored the effect of couplings of the brane probe to the degrees
of freedom on the seven-brane, which is valid in the limit αGUT → 0.5 Taking into account
these couplings would weakly gauge the corresponding flavor symmetries descending from
the seven-brane, as well as introduce additional couplings to the matter sector noted before.
5 Coupling to Gauge Fields
Up to this point, our discussion has focussed on some of the basic features of how a D3-brane
probe of an exceptional point would couple to the matter fields of the Standard Model. In
this section we discuss how this theory couples to the Standard Model gauge fields.
As a very basic point, let us note that the conformal symmetry of the D3-brane probe
must already be broken at energy scales of a few hundred GeV. The reason is that in all
cases, the probe D3-brane contains 3 − 7 strings charged under both the Standard Model
gauge group and the D3-brane probe theory, as reflected for example in the operators O.
In order to have avoided detection thus far, it is therefore necessary to assume that all such
charged states are sufficiently heavy. Placing the dynamics of the probe theory at a few
hundred GeV or higher is also natural in the sense that whatever dynamics is responsible
for breaking supersymmetry will also induce some potential for the degrees of freedom of
the probe theory.
The fact that MCFT is bounded below by a few hundred GeV is quite different from
the unparticle scenario considered in [13], with its approximately conformal sector at the
weak scale. Rather, at the energy scale MCFT , there will be additional particle states which
enter the low energy theory. Proceeding up to sufficiently high energy scales, we can expect
additional massive states of different spins to contribute to the theory. At sufficiently high
energy scales, the theory is better described as a conformal field theory, and scale invariance
in this sector is approximately restored. The possible applications of the D3-brane probe
5Recall that αGUT controls the inverse volume of the Ka¨hler surface wrapped by the seven-brane.
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theory depend somewhat on the energy scale MCFT . While a lower scale of conformal
symmetry breaking is phenomenologically quite interesting, one can in principle envision
MCFT being much higher, and this may be of interest for other model building applications.
In the remainder of this section we study some of the ways that the D3-brane probe
theory interacts with the gauge fields of the Standard Model. While the most spectacular
consequences would come from the conversion of gauge fields into TeV scale 3−7 strings, it
is also more difficult to extract quantitative information about the phenomenology of this
scenario, a task which we defer to future work [45].
One question we can address, however, is the effect of this sector on the unification of
gauge couplings. At sufficiently high scales where the theory is approximately conformal,
a tower of charged particles will enter the spectrum, which might appear to pose problems
for perturbative gauge coupling unification. Even though there are a large number of states
contributing to the running of the gauge coupling, we argue that the effect on the running
is far milder, and retains perturbative gauge coupling unification.
The probe theory also contains a U(1)D3 gauge sector of its own, which can interact with
the Standard Model via kinetic mixing with U(1)Y . A novel feature of this type of theory is
that generically, there can be kinetic mixing involving both the electric and magnetic dual
field strengths of this extra U(1)D3.
5.1 Current Correlators
In this subsection we compute the effects of the D3-brane probe theory on the running
of the Standard Model gauge couplings. More precisely, we compute the effects from the
probe theory in the regime where the D3-brane probe is approximately conformal. In this
regime, a number of additional states charged under SU(3)C × SU(2)L × U(1)Y enter as
threshold corrections. Moreover, these states interact strongly with the conformal sector
of the D3-brane probe. It is therefore important to check that the presence of these states
do not spoil gauge coupling unification, and moreover, do not induce a Landau pole at low
scales. Proceeding from low energies near MCFT to the scale where conformal symmetry
is approximately restored, our expectation is that there is some complicated interpolation
which takes account of these various thresholds.
Even though we are dealing with a strongly coupled CFT, note that all of the electric
and magnetic states descend from (p, q) strings and their junctions which fill out complete
GUT multiplets. In particular, this means that the contribution from the probe sector will
preserve gauge coupling unification, and its scale. For this reason, it is enough to phrase our
discussion in terms of the effects of the probe on the running of the SU(5) gauge coupling.
We now study the running of the gauge coupling constant due to the D3-brane probe
theory. The computation we present exploits the overall holomorphy present in the gauge
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coupling constants. In a weakly coupled gauge theory such as the Standard Model, we can
use this result to extract the one loop running of the physical gauge coupling constant.
Following [46], in more formal terms, computing the effects on the gauge coupling from
the probe D3-brane amounts to computing the current correlator for the flavor symmetry
of the N = 1 SCFT theory:
〈
JAµ (q)J
B
ν (−q)
〉
= ρ · δAB (q2ηµν − qµqν)×{ log ΛM for |q| Mlog Λ|q| for |q| M
}
. (51)
where A and B are indices in the adjoint representation of the flavor group, Λ is a cutoff of
the field theory, and M is a characteristic mass scale. Weakly gauging the flavor symmetry,
the current correlator determines the running of this gauge coupling constant as a function
of energy scale:
1
g2 (µ)
=
1
g2 (Λ)
− ρ log
(
Λ
µ
)
. (52)
Our strategy for extracting the current correlators will be to perturb the probe theory to
anN = 1 system in which the gauged flavor symmetry admits a weakly coupled description.
Computing the running of the couplings in this weakly coupled formulation, we then use
holomorphy to match this to the one loop approximation of the current correlator of the
original system.
5.1.1 Review of N = 2 Correlators
To illustrate the general procedure, let us first review the computation of current correlators
for the N = 2 rank 1 E8 SCFT [46] (see also [41,42,47]). Starting from the E8 singularity:
y2 = x3 + z5, (53)
we consider a complex deformation of this singularity:
y2 = x3 + z5 + (δf)x+ (δg) , (54)
such that the seven-brane gauge theory of the deformed geometry, and its coupling to the
D3-brane probe admits a weakly coupled description. The precise type of deformation
is immaterial, so to illustrate the general idea we consider a deformation of E8 down to
SU(5).6 The probe D3-brane then corresponds to introducing a vector-like pair in the
5⊕ 5 into the SU(5) gauge theory. Separating the D3-brane off of the seven-brane gives a
mass to this vector-like pair. The mass is controlled by the value of the Coulomb branch
6In [46] the case of a deformation to SO(8) as well as SO(10) was treated. The example we present is
a straightforward extension of this analysis.
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parameter for the D3-brane, z˜. The one-loop running of the SU(5) gauge coupling constant
as a function of z˜ is then:
4pi
g2 (z˜)
=
4pi
g2
(
Λ˜
) + 1
2pi
log
(
Λ˜
z˜
)
. (55)
We now match this low energy behavior to the original E8 gauge theory. The main point
is that holomorphy relates the Coulomb branch parameter z˜ of the low energy theory to z,
the Coulomb branch parameter of the high energy theory by:
M∆−1z˜ = z (56)
where ∆ is the dimension of z. In other words, the running of the gauge coupling constant
as a function of z is:
4pi
g2 (z)
=
4pi
g2
(
Λ˜
) + 1
2pi
log
(
Λ˜M∆−1
z
)
. (57)
To relate this to the scales of the probe theory, we now use the fact that z has scaling
dimension ∆. In other words, z1/∆ corresponds to a mass scale. This means that upon
setting µ = z1/∆, we learn:
4pi
g2 (µ)
=
4pi
g(Λ)2
+
∆
2pi
log
(
Λ
µ
)
, (58)
where Λ =
(
Λ˜M∆−1
)1/∆
. In other words, the coefficient ρ of equation (51) is:
ρ = − ∆
8pi2
. (59)
For the specific case of the E8 SCFT, we have [46] (see also [41, 42,47]):
ρ = − 6
8pi2
= − 3
4pi2
. (60)
In other words, it as if we have 6 vector-like pairs of 5⊕5 contributing in the SU(5) theory.
From the perspective of the E8 gauge theory, this is a quite striking result. Indeed,
though the contribution to the beta function of an SU(5) gauge theory looks like an integral
number of particles, in the original E8 gauge theory, the contribution of a hypermultiplet
in the 248 of E8 is:
ρhyper = −C2(E8)
4pi2
= − 30
4pi2
, (61)
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In other words, the actual contribution to the E8 beta function is 1/10 of a fundamental
hypermultiplet! Taking the E8 gauge theory as a toy Standard Model, we see that at
sufficiently high energies, the gauge fields would appear to couple to an effectively non-
integer number of particles.
5.1.2 N = 1 Correlators
In this subsection we consider the analogous computation of beta functions for N = 1 probe
theories of a Yukawa point. The main point is that in the above computation of N = 2
current correlators, we only relied on general holomorphy considerations. In other words,
once we determine the scaling of z˜ in the low energy theory, matching to the parameter z
then specifies the holomorphic gauge coupling.
To determine the overall z˜ scaling in the current correlator, let us return to the starting
configuration given by a D3-brane sitting at a Yukawa point of an SU(5) seven-brane. Mov-
ing the D3-brane parallel to the seven-brane, but off of the Yukawa point, the contribution
from the probe to the beta function of SU(5) is given by a massless vector-like pair in the
5 ⊕ 5. Moving the D3-brane off of the seven-brane gives a mass to this vector-like pair,
and affects the running of the SU(5) gauge theory, just as in equation (55). Performing a
match between the Coulomb branch parameter z˜ to the Coulomb branch parameter of the
CFT point, we obtain the current correlator of the N = 1 CFT. In other words, we learn
that the contribution to the running of the couplings from the probe sitting at the Yukawa
point is:
4pi
g2 (µ)
=
4pi
g(Λ)2
+
∆
2pi
log
(
Λ
µ
)
, (62)
where ∆ is now the scaling dimension of the Coulomb branch parameter z of the N = 1
theory.
An alternative argument for realizing the same scaling behavior is as follows. Let us re-
turn to the configuration given by a D3-brane sitting at the Yukawa point of the seven-brane
configuration. At generic points of the seven-brane, this corresponds to an A4 singularity
fibered over z = 0. Now consider a complex deformation of the Weierstrass model to an A3
singularity. For a generic deformation with no z1 and z2 dependence, this deformation also
eliminates the presence of the matter curves. Computing the contribution of the probe to
the running of the SU(4) gauge theory, we find a vector-like pair in the 4⊕ 4. Matching to
the undeformed theory, we again conclude that the z˜ and z dependence is as before, and
we recover equation (62).
From the above analysis, we see that the effective threshold is determined by the scaling
dimension of z, though the specific size of the threshold correction depends on details of
the probe theory. In particular, since we do not expect z to have a very high scaling
dimension, the contribution from the probe theory does not induce a Landau pole, and in
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particular preserves perturbative gauge coupling unification.7 For example, in the case of
trivial monodromy, we have that ∆ = 3 for an E6-point probe theory, while ∆ = 6 for an
E8-point probe theory, which contribute as much as respectively one and two vector-like
pairs in the 10⊕ 10. Our expectation is that the presence of higher order monodromy will
lead to a smaller contribution to the running of the couplings. To fully address this question
requires a more detailed analysis of the resulting CFTs [29].
5.2 Coupling to the “Hidden” U(1)D3
As we have already mentioned, the 3− 7 strings must have mass of at least a few hundred
GeV in order to avoid conflict with experiment. A natural way to achieve this is to move
onto the Coulomb branch of the probe theory so that z 6= 0. In so doing, the 3− 7 strings
will now develop a mass on the order of:
M3−7 ∼ z1/∆ (63)
with ∆ the scaling dimension of z. One can envision that this mass scale is generically of
the GUT scale, though it could also be much lower, if it is set by supersymmetry breaking
effects.
Moving onto the Coulomb branch leaves us with a U(1)D3 gauge theory with a tower of
electric and magnetic states charged under U(1)D3, as well as the gauge group SU(5)GUT ×
Gextra, where Gextra denotes the gauge group preserved by the unfolding of the geometry.
For example, in many cases it is desirable for phenomenological purposes to retain a U(1)
Peccei-Quinn sector as well.
Based on general considerations, we expect there to be some amount of kinetic mixing
between this U(1)D3 gauge boson and U(1)Y . One might at first think that such mixing is
forbidden because U(1)Y is embedded inside of SU(5)GUT . This first expectation is incorrect
because we can consider higher dimension operators which couple the field strengths of
U(1)Y and U(1)D3 to the GUT breaking fluxes of an F-theory GUT [14] (see also [48]).
Thus, we generically expect kinetic mixing terms of the form [49–52]:
δLkin =
∫
d2θ εWαYWD3α + h.c. (64)
where in a holomorphic basis of fields, ε has logarithmic dependence on the mass of the
7In principle, there is a logical possibility that over the small amount of running between MCFT and
the scale where conformal symmetry is restored, there is a sizable threshold correction which shuts off once
we enter the CFT regime. Though we cannot exclude this possibility, it seems rather implausible as the
putative large threshold would have to quickly turn on and then almost immediately switch off as a function
of energy scales.
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3− 7 strings charged under both U(1)Y and U(1)D3. Such kinetic mixing terms have been
considered in the context of string based models, as for example in [51,53–57].
To have evaded detection, it is necessary for this U(1)D3 gauge boson to have a mass.
The mass of this U(1)D3 gauge boson is in turn specified by the vevs of 3−7 strings stretched
between the D3-brane, and either the GUT brane stack, or the other Gextra seven-branes. In
the former case, the 3− 7 strings might also participate in electroweak symmetry breaking,
though it is not as clear in this case how to also generate masses for the Standard Model
particles. The more innocuous possibility is that a 3− 7 string which attaches to the Gextra
seven-brane develops a vev, which can give a mass to U(1)D3.
A novel feature of the kinetic mixing in the present system is that because the U(1)D3
gauge theory is strongly coupled, we can generically expect both electric and magnetic
states to participate in kinetic mixing. Including for this possibility, we see that it is
natural to expect there to be kinetic mixing between both the electric and magnetic dual
field strengths:
Leff ⊃ εelecF YµνF µνD3 + εmagF YµνF˜ µνD3. (65)
It would be interesting to study the phenomenological consequences of this sort of effect in
more detail [45].8
6 Conclusions
Though often viewed as a secondary ingredient in constructing the visible sector of an F-
theory GUT, D3-branes are often a necessary component of a global compactification. In
this paper we have seen that much of the structure already required for viable F-theory
GUTs also naturally suggests including D3-branes as an additional sector which is attracted
to the Yukawa points of the geometry. Utilizing the dictionary between the background
geometry and the worldvolume theory on a D3-brane, we have investigated the probe the-
ories of D3-branes sitting at E-type points. In addition, we have studied how this probe
theory couples to the Standard Model, both through F-terms, as well as its coupling to
the gauge fields of the Standard Model. In the remainder of this section we discuss some
further possible avenues of investigation.
To fully specify the way that the D3-brane probe couples to the Standard Model, it is
necessary to extract additional information about the low energy theory induced by more
general N = 1 deformations of the original N = 2 probe theories. Such deformations
appear to be interesting both from the perspective of F-theory considerations, as well as
from the purely field theoretic perspective. The study of such CFTs will be presented
8As far as we are aware, the phenomenology of magnetic kinetic mixing is a recent possibility mentioned
for example in [58–60] (see also [61] in the context of dark matter phenomenology).
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elsewhere [29].
Though we have focussed on the probe of a single D3-brane, more generally, one might
consider the probe theory of a large N number of D3-branes. In particular, it would be
interesting to develop a precise holographic dual for such configurations as a further tool
to study such worldvolume theories. Though a general N = 1 deformation may appear
to lead to a complicated supergravity dual, in at least one case, corresponding to trivial
seven-brane monodromy, we expect that the theory flows back to the original N = 2 theory,
with corresponding holographic dual as in [62].
At the level of model building applications, coupling the Standard Model to the CFT has
been considered for various applications, both as a sector of interest in its own right, or as
providing a set of ingredients for potentially solving problems in both supersymmetric and
non-supersymmetric model building. As some possible examples, the presence of vector-
like states suggests a potentially novel way to realize a gauge mediation sector with the
messengers in a strongly coupled CFT, along the lines suggested in [63]. It would also be
interesting to see if there is a natural mechanism to break supersymmetry on the D3-brane
probe and communicate it to the visible sector through gauge mediation.
Given that the motion of D3-branes in a compactification provides a natural set of
inflaton candidates, it would be interesting to see if our brane probe can also play such a role.
Along these lines, the mode describing motion normal to the D3-brane could play the role of
the inflaton, and inflation would end as the D3-brane reaches the Yukawa point, reheating
through its couplings to the visible sector. As a related possibility, the worldvolume theory
of an anti-D3-brane may also provide a starting point for realizing an inflationary scenario.
Indeed, for an isolated seven-brane, an anti-D3-brane probe is still supersymmetric, though
it preserves a different set of supercharges from a probe D3-brane. Tilting the seven-branes
to an N = 1 configuration would break supersymmetry. In this case, inflation would end
after the anti-D3-brane dissolves into the Higgs branch of the seven-brane, decreasing the
instanton number on the seven-brane by one unit.
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